Introduction
[2] Decadal variability of the Arctic climate was identified using observations and models [e.g., Moritz et al., 2002] , with specific features of Arctic climate behavior analyzed and described in numerous publications [e.g., Mysak and Venegas, 1998; Dickson et al., 2000; Zhang et al.,2 0 0 3 ] .P r oshutinsky and Johnson [1997] (hereafter P&J) found that the Arctic atmosphere and ocean motion alternate between cyclonic and anticyclonic circulation regimes (CCR and ACCR, respectively) with each regime persisting from 4 to 8 years resulting in a period of 8 -16 years. Thompson and Wallace [1998] introduced the Arctic Oscillation (AO) index that describes the atmospheric processes associated with the two regimes (high AO or CCR, and low AO or ACCR). Another widely used index of climate variability is the NAO [Hurrell et al., 2003] , and in many studies, observed changes in the Arctic climate system were analyzed assuming they are driven by the AO/NAO [Dickson et al., 2000; Rigor et al., 2002] .
[3] Although the origin of Arctic climate decadal variability remains unclear, we assume that the AO/ NAO are not only regulating the Arctic and North Atlantic climate variability but are also regulated by oceanic and sea ice conditions. Both wind-forced and thermohaline ocean circulation can actively interact with the atmosphere to produce coupled decadal and interdecadal climate variability [e.g., Latif and Barnett, 1996; Ikeda et al., 2001] . For the Arctic Ocean and the GIN Sea, Proshutinsky et al. [2002] (hereafter P2) suggested that decadal variability was regulated by fresh water (FW) and sensible heat fluxes between the basins. Here, we further describe these mechanisms and validate them with an idealized model and with observations. Our results show that the modeled Arctic system oscillates with periods from 10 to 15 years, depending on model internal parameters and external forcing (solar radiation, cloudiness, river runoff, etc.).
System Description
[4] The Arctic Ocean and the GIN Sea are viewed as an auto-oscillatory ice-ocean-atmosphere climate system. When the Arctic High prevails (ACCR or low AO/NAO), the interaction between basins is suppressed. The Arctic Ocean (mainly the Beaufort Gyre) accumulates FW and its potential energy increases, and the GIN Sea basin and its atmosphere accumulates internal energy (sensible heat). When the Icelandic Low dominates (CCR or high AO/ NAO), the basins strongly interact and release their energy. These two interaction states are described next.
Weak Interaction State
[5] During low AO/NAO, the interaction between the regions is weak: heat flux to the Arctic Ocean and FW flux to the GIN Sea are low. Low heat flux to the Arctic allows the arctic atmosphere to cool, SLP to increase and the anticyclone to become stronger (P&J). This strengthens the Beaufort Gyre, increasing convergence of surface water and ice. FW is retained and potential energy accumulates in the Beaufort Gyre (P2). The upper Arctic Ocean contains more FW, and the atmosphere is colder, than average.
[6] With weak interaction, FW outflow to the GIN Sea is less than average. The reduction of fresh, buoyant surface water decreases water column stability and favors deep convection in the central Greenland Sea in winter. Strong convection and intense surface heat flux to the winter atmosphere cause positive surface air temperature (SAT) anomalies and intensification of cyclonic vorticity [Häkkinen, 1995; Mysak and Venegas, 1998 ].
[7] In this state, the Arctic is cooling and the upper ocean is freshening, and the GIN Sea region is warming. This leads to growth of SAT differences and dynamic height gradient (DHG) between the two regions. Strong gradients ultimately promote interaction such that intense heat flux to the Arctic warms the atmosphere and weakens the anticyclone [Serreze et al., 1997] . The ACCR then shifts to CCR (P&J), and the system returns to the high AO/NAO regime.
Intense Interaction State
[8] Strong gradients between the regions promote intense interaction that weakens anticyclonic circulation in the Beaufort Gyre and releases accumulated FW to the GIN Sea (P&J, P2). The central Greenland Sea upper layer becomes fresher, increasing stability and suppressing deep convection [Aagaard and Carmack, 1994] . Without entrained oceanic heat from below, the mixed layer in the central Greenland Sea easily reaches the freezing point in winter, enhancing the ice cover [Häkkinen, 1995; Pawlowicz, 1995] . Both weak convection and ice cover reduce the heat flux to the winter atmosphere, which cools, and cyclonic vorticity decreases [Mysak and Venegas, 1998 ]. After several years of intense interaction, the SAT gradient and DHG have eroded, and the interaction fades. The system then rebuilds the gradients between regions.
Gradients in the Ocean and Atmosphere
[9] The behavior of our modeled system is controlled by DHG and SAT gradient. Segment AB (Figure 1 ) is characterized by weak interaction. During AB, SAT in the Arctic stays cold and the Arctic High is strong. Weak interaction (low FW flux from Arctic), as mentioned above, favors deep convection in the Greenland Sea in winter. Surface heat flux to the winter atmosphere increases, warming the atmosphere over the Greenland Sea region and intensifying the Icelandic Low. The AO/NAO index increases. These changes in the Greenland Sea region are prominent and associated with increasing SAT and SLP gradients between the regions. After several years, both gradients reach their maximum (point B in Figure 1 ) and promote intense interaction.
[10] Segment BC, the strong interaction phase driven by large gradients, is characterized by high heat flux to the Arctic and high FW flux to the Greenland Sea. The Arctic atmosphere warms, so SLP decreases, and the anticyclonic regime switches to cyclonic. Because it takes a few years for the FW released from the Beaufort Gyre to reach the Greenland Sea, thermohaline changes in the central Greenland Sea are not prominent in the early years of intense interaction, so deep convection may continue and this region stays warm. During the BC interval, the AO/NAO is increasing, SLP is decreasing in both regions, and gradients of SLP and SAT are decreasing.
[11] During CD, the intense FW flux from the Arctic freshens the upper layer in the Greenland Sea. Deep convection ceases, ice appears in the Greenland Gyre, the atmosphere starts cooling and SLP increases. The Icelandic Low weakens and the AO/NAO index decreases. During this interval, the Arctic stays warm from the high heat flux, and SLP remains low. SLP and SAT gradients continue to decrease.
[12] Interaction weakens over segment DA. Reduced heat flux from the Greenland Sea causes the Arctic atmosphere to cool, increasing SLP. The Arctic rebuilds the anticyclonic regime. Due to the large inertia of the ocean, the thermohaline structure in the Greenland Sea restores slowly. During the first few years of weak interaction, the central Greenland Sea water column remains stable and ice concentration stays relatively high. Thus the Greenland Sea region stays cold and the Icelandic Low remains weak. This interval is characterized by increasing SAT and SLP gradients, and a decreasing AO/NAO index. The system returns to point A, finishing the cycle. Note that the low interaction phase (DAB) corresponds to low AO/NAO with minimum at A, and the high interaction phase (BCD) corresponds to high AO/NAO with maximum at C.
Model Experiment
[13] To test the hypothesized auto-oscillatory behavior, we have used an idealized model with two modules: an Arctic module and a Greenland Sea module (Figure 2 ). The Arctic module includes an Arctic Ocean model coupled to a thermodynamic sea ice model [Maykut, 1986] , a sea-ice shelf model, and an atmospheric box model. The Arctic Ocean model is one-dimensional, three-layer and timedependent. This is the Arctic Ocean model of Björk [1989] with modified entrainment velocity, shelf inflow/ outflow and improved shelf -interior basin interaction. The three layers are: the mixed layer (ML), halocline layer (HL), and Atlantic layer (AL). The model describes deepening and shallowing of the ML, and temperature and salinity changes in the ML and HL. The characteristics of the Atlantic Layer do not change. The atmospheric box model estimates SAT from the total energy balance, with interannual variability induced by varying heat flux, F h , from the Greenland Sea atmospheric box. F h is a function of SAT gradient (ÁT) between the Arctic and the Greenland Sea modules.
[14] The Greenland Sea ocean model is one-dimensional and time dependent and is, in general, similar to the Arctic Ocean model. There are several layers in the model following Swift [1986] . Deepening of the ML is driven by the equation Kato-Phillips [1969] and scales of Chapman [1998] for deep convection. The oceanic model is coupled to a thermodynamic sea ice model and an atmospheric model. The atmospheric model calculates SAT anomalies for computed surface heat flux. The Greenland Sea module describes the seasonal and interannual variability of the heat content of the GIN Sea region assuming that it is related to the air-sea surface heat flux. The air-sea heat flux, in turn, is determined by the intensity of deep convection in the Greenland gyre which is controlled by the amount of FW advected from the Arctic Ocean (F fw ).
[15] The model was initialized with multiyear mean winter ocean temperature and salinity data [Environmental Working Group, 1998 ]. The forcing parameters in the model are: downwelling shortwave radiation, winds, river runoff, and Atlantic and Bering water fluxes. Forcing, including the air humidity, monthly ice/snow albedo, and cloudiness, have been prescribed with monthly means linearly interpolated into daily data [Gorshkov, 1980; Lindsay, 1998; Polyakov et al., 1999] .
[16] The model has been run for 110 years, with the first 10 years spin-up. Different climate states are reproduced in the model by different rates of F fw and F h (Figures 3a and  3b) . As discussed in section 2, the DHG between the Arctic Ocean and the Greenland Sea increases when the interaction is weak, and the gradient decreases when the interaction is strong. In the model, the DHG between the Arctic Ocean and the Greenland Sea, ÁH dyn , controls the regime shifts via intense/weak interaction (Figure 1) . When ÁH dyn reaches Á max the intense interaction state is reproduced in the model, meaning high F fw and F h (red lines in Figures 3a and  3b) . When ÁH dyn approaches Á min the low interaction state begins (blue lines in Figures 3a and 3b) . Á max and Á min are prescribed based on 20 year runs with low and high F fw and F h (Figures 3a and 3b) to find Á max = 0.173 m and Á min = 0.164 m.
Results and Discussion
[17] The simulated system behavior is similar to Figure 1 . At point A (Figure 3c ) the system is at the weak interaction stage with low AO/NAO. During low AO/NAO, the system shifts toward B as ÁH dyn increases. At Á max ,i n t e n s e i n t e r a c t i o nd r i ves the system toward C. Gradients then weaken until the system reaches D, and the low AO regime resettles in the Arctic. The system returns to A.
[18] Each climate state in the ABCD loop in Figure 3c has two phases attributed to prominent changes either in the Arctic (DA and BC) or in the Greenland Sea (AB and CD). The model results show that the Arctic responds quickly to perturbations from the Greenland Sea (DA and BC each takes 1-2 years). However, changes in the Greenland Sea become noticeable 1 -2 years after the regime shift and evolve slowly (AB and CD each take 3-4 years). Arctic changes are initiated by atmospheric heat advection, while Greenland Sea changes are driven by shifts in the thermohaline structure of the ocean. Obviously, atmospheric processes are faster.
[19] Computed ÁT from simulated SAT in the Arctic and Greenland Sea boxes (Figure 3d) shows that during weak interaction, ÁT increases (blue lines, Arctic cools and the Greenland Sea warms), and during intense interaction, ÁT decreases (red lines, Arctic warms and the Greenland Sea cools). Bullets denote states of the system shown in Figure 3c . The period of simulated oscillations is 10 to 15 years.
[20] Regime shifts are controlled by FW and heat fluxes between the two basins that depend on atmospheric and oceanic gradients. To verify this, we examined SAT and SLP differences (ÁT, ÁP) between the two basins, and the NAO (Figure 4 ) using observational data extracted from NCEP reanalysis data (http://www.cdc.noaa.gov). The records cover 1948 -2001 and were averaged into winter means (November to March), then smoothed by a 5-year moving average. ÁT is computed between the central Greenland Sea (74°N-76°N, 5°W-5°E ) and the Central Arctic (poleward of 80°N). ÁP is between the Beaufort Gyre (160°W-120°W, 74°N-84°N ) and the central Greenland Sea.
[21] The ÁT and ÁP time series (Figures 4a and 4b ) have a significant relation with the NAO (and respectively the AO, not shown). There is a positive cross-correlation between the NAO and ÁP, Á T a round 0 lag (±1 -2 years), negative cross-correlation at 3-7 years lag and again positive at 8 -12 years lag (Figures 4c and 4d ). Thus maxima (minima) of ÁT, ÁP, and NAO all occur within a few years of each other. Then, in $3 -7 years, ÁT and ÁP reach their minima (maxima) and in 8-12 years, both differences are again maximal (minimal), finishing a decadal cycle. The behavior of time series of gradients in observed SAT, observed SLP, and the NAO index agree remarkably well with our model behavior. The sequence of maxima and minima of ÁT, ÁP (black bullets in Figures 4a and  4b) , and NAO (grey bullets) found in the time series is similar to that suggested in our mechanism (Figure 1) . For better visualization, the maxima and minima have been marked by letters in Figures 4a and 4b according to the system state in Figure 1 . Note that the time interval between points B and C and points D and A are mostly 1 -2 years long while the time between points C and D and points A and B are 3 -6 years, in agreement with the model results (Figures 3c and 3d) .
[22] In conclusion, the suggested mechanism of decadal variability for the Arctic and GIN Sea is based on the assumption that FW and heat exchange determine the climate state in both regions. The intensity of the exchange is controlled by oceanic and atmospheric gradients. This is supported by both results from an idealized model and by observations. The strength of the correlations between the AO/NAO and gradients of observed parameters at multiyear lags may provide a measure of predictability for decadal variations in the Arctic climate system. 
